In this paper we present a theoretical model for the dewetting of ultrathin polymer films. Assuming that the shear-thinning properties of these films can be described by a Cross-type constitutive equation, we analyze the front morphology of the dewetting film, and characterize the time evolution of the dry region radius, and of the rim height. Different regimes of growth are expected, depending on the initial film thickness, and on the power-law index involved in the constitutive equation. In the thin-films regime, the dry radius and the rim height obey power-law time dependences. We then compare our predictions with the experimental results obtained by Debrégeas et al. ͓Phys. Rev. Lett. 75, 3886 ͑1995͔͒ and by Reiter ͓Phys. Rev. Lett. 87, 186101 ͑2001͔͒.
I. INTRODUCTION
Thin liquid films have considerable scientific and technological importance, and have numerous applications. In engineering, for instance, they serve to protect surfaces, and applications arise in paints, adhesives, and membranes ͓1͔. Thin liquids films display a variety of interesting dynamics phenomena and have therefore been the focus of many experimental and theoretical studies ͓2͔. In particular, thin polymer films have recently attracted a lot of interest since understanding their properties such as viscosity ͓3͔, chain mobility ͓4͔ and stability ͓5͔ is essential for optimization.
A long time ago, Taylor ͓6͔ and Culick ͓7͔ analyzed the growth of a circular hole in a thin liquid sheet ͓8͔. By balancing surface tension forces against inertia ͓9͔, they found that the rim of liquid at the edge of the films retracts at a constant velocity, a prediction first checked experimentally by Mc Entee and Mysels ͓10,11͔. Debrégeas and collaborators ͓12͔ have recently studied the bursting of thin suspended films of very viscous liquids. These experiments revealed unexpected features: ͑a͒ First, the retraction velocity grows exponentially with time ͑with a characteristic time scale i ϭh i /͉S͉, where h i , , and S are, respectively, the initial film thickness, the viscosity, and the spreading coefficient ͓13͔͒, ͑b͒ second, the liquid is not collected into a rim and the film remains flat through the retraction. According to these authors, the uniform thickening of the retracting film was a consequence of its viscoelasticity, which permits an elastic propagation into the film of the surface tension forces acting on the edge. Brenner and Gueyffier ͓14͔ showed, however, that the absence of rim can also result from a purely viscous effect ͓15,16͔.
Very recently ͓17͔, Reiter studied the dewetting of ultrathin ͑i.e., thinner than the coil size͒, almost glassy polystyrene ͑PS͒ films deposited onto silicon wafers coated with a polydimethylsiloxane ͑PDMS͒ monolayer. He found that a highly asymmetric rim, with an extremely steep side towards the interior of the hole and a much slower decay on the rear side, builds up progressively ͓18͔, with the maximum height increasing linearly with the diameter of the hole. We recently ͓19͔ proposed a theoretical model to explain such deviations from the behavior of pure liquids, based on the shearthinning properties of the polymer film. Assuming that the stresses inside the film saturate logarithmically with the strain rates, we showed that different regimes of growth are expected, depending on the initial film thickness and the experimental time range. Other theoretical approaches for polymer film dewetting have recently been proposed by Herminghaus et al. ͓20͔ and Shenoy and Sharma ͓21͔. In this paper we aim at precising our methods of resolution, and characterizing the dewetting process for a Crosstype constitutive equation ͑interpolation between a viscous behavior at low strain rates and a power-law dependence for the viscosity versus the shear strain rate͒, following recent experimental results by Dalnoki-Veress et al. for PS films ͓22͔. We study the profile of the dewetting film, and characterize the time evolution of the dry radius, and of the rim height ͑as summarized in Appendix C͒. Finally, we discuss the adequation between our theoretical predictions and experimental results by Debrégeas and Reiter. Figure 1 shows the film geometry. h(r,t) is the profile of the film, h m (t) is the height of the rim, and R d (t) is the radius of the dry zone. v(r,t) is the radial, axisymmetric flow field ͑cf. Appendix A͒. On a nonwettable, smooth, and passive solid substrate like the PDMS-coated silicon wafer used by Reiter, this plug-flow description is valid as long as h i Ӷb, where b is the hydrodynamic extrapolation length ͑cf. ͓23͔͒. The range of thicknesses studied by Reiter allows this simplifying assumption.
II. THE MODEL

A. Constitutive law of the material
In order to characterize the rheologic properties of the film, we introduce the stress tensor i j ϭϪp␦ i j ϩ i j m , where where 0 and are material constants, and ⌽ is a generic function. For a purely viscous liquid, the function ⌽ is linear,
⌽͑␥ ͒ϭ␥ . ͑2͒
In this case, the fluid viscosity ϭ m /␥ is a constant and equals the zero-shear viscosity 0 ϭ 0 .
For polymers, just above T g , it is expected within the framework of the free-volume model that m is expected to vary logarithmically with ␥ as ͓24͔
⌽͑␥ ͒ϭln͑1ϩ␥ ͒. ͑3͒
The features of the dewetting regimes obtained with this rheological law were presented elsewhere ͓19͔, and will only be briefly mentioned in the present paper in Appendix B. As mentioned in Ref. ͓19͔, this logarithmic law does not permit a simple analytical description of all the regimes of time and thicknesses.
An alternative way of describing the polymer rheology is to use the well-known Cross model ͓25͔
k and n being dimensionless constant parameters. A shearthinning behavior is taken into account by taking the powerlaw index n strictly between 0 and 1. At low strain rates (␥ Ͻk Ϫ1/n ), this law displays a viscous-type behavior ( m Ϸ 0 ␥ , with a zero-shear viscosity 0 ϭ 0 ), while for large values of ␥ , m obeys the well-known power-law model. This popular expression, which will be used all along with this paper, is applicable to a number of polymer materials and complex fluids ͓26͔.
B. Equations
Assuming the fluid to be incompressible, mass conservation leads to We thus need two additional equations to determine h(r,t). First, note that the following partial differential equation can be directly derived from Eq. ͑6͒:
Neglecting the inertial term, conservation of momentum ͑projected on the radial direction ͓27͔͒ leads to
It can be shown that Eqs. ͑7͒ and ͑8͒, along with the free-surface boundary condition ͑i.e., zz ϭ0 at the contact with ambient atmosphere ͓28͔͒, allow one to express the strain rate ␣ as a function of ␤ only : ␣ϭF(␤). Substitution of the shear-thinning constitutive law 1 in Eq. ͑8͒ then leads to the following differential equation for F:
which has to be solved along with the condition F(0)ϭ0 ͑far away from the perturbed central region, the strain rates must decrease to zero͒. In Fig. 2 , we present the ␣ϭF(␤) form of functions for the Cross model, taking for each curve kϭ10 and different values of power-law index n between 0 and 1. This function can be approached by simpler expressions in the two opposite regimes ␤Ӷ1 and ␤ӷ1, as explained below ͑cf. Sec. III A 1͒. In order to solve Eq. ͑5͒, we should supply it with initial and boundary conditions. Our initial profile is assumed to be uniform, with a thickness h i , except in a bored region ranging from rϭ0 to rϭR 0 ͑as shown in Fig. 1͒ . R 0 is our characteristic radial length used thereafter to make r dimensionless, Film geometry: h(r,t) is the profile of the film, h m (t) is the height of the rim, and R d (t) is the radius of the dry zone. The initial (tϭ0) steplike profile is represented by the dashed line. v(r,t) is the radial, axisymmetric flow field.
We do not consider here the origin of the initial dewetting process: experimentally, it is found that a thick PS film on a silicon substrate is metastable and dewets via nucleation and growth of dry patches ͓29͔, while thinner films (h i Ͻ100 nm) are unstable and dewet by spinodal decomposition ͓30,31͔. In his latest experiments on ultra-thin films ͓17͔, Reiter characterized the early stage of the dewetting process by the formation and coalescence of little holes, with the displaced material uniformly distributed between the holes, without visible rims. Our initial time tϭ0 might correspond to the end of this preliminary process.
Equation ͑5͒ applies outside the dewetted region ͓R d (t) рrϽϱ͔. At the edge of the rim ͓rϭR d (t)͔, the rim height h m (t) can be determined by taking into account capillary forces. The applied force on the rim, pushing the film away the dry area, must be balanced by the internal radial stress: ͉S͉ϭ͉ rr ͉h m (t). Assuming the lateral extension of the film to be large enough, the film thickness must reach h i far from the dry region: lim r→ϱ h(r,t)ϭh i (᭙ t). The complete resolution of our set of equations ͑5͒-͑7͒-͑9͒ can be achieved using a method of characteristics ͑cf. Appendix D͒.
Thereafter, all thicknesses will be made dimensionless by normalizing with a characteristic length h*ϵ͉S͉/ 0 . For Reiter's experimental conditions, at TϷ105°C, we estimate h* to be of the order of 500 Å. This parameter h* is of crucial importance in our model, because it discriminates two regimes of growth whose features are quite different. The films whose initial thickness h i is larger than h* will be considered as ''thick'' films, while the others (h i Ӷh*) will be the ''thin'' ones.
III. RESULTS
Note first that for a purely viscous liquid ͓⌽(␥ )ϭ␥ ͔, our model leads to a constant and uniform thickness for the film, with an exponential growth of the dry radius
This is in complete agreement with the experimental results of Debrégeas et al. for the dewetting of suspended polymer films ͓12͔ and supported films ͓32͔.
How are affected the growth laws of the dry radius R d (t) and the rim height h m (t) by the shear-thinning properties of the material?
In order to discuss the time dependence of the rim height and the dry radius, we need to compare h i with the characteristic thickness h*.
A. Thin-film regime "h i ™h*…
Initial stages of growth
The range h i Ӷh* allows different regimes of growth for the initial stage of hole formation, depending on the specific characteristics of the constitutive law.
Simple analytical laws can be obtained with the Cross law (⌽(␥ )ϭ(␥ )/͓1ϩk(␥ ) n ͔). It can be shown that the solution ␣͓␤͔ of Eq. ͑9͒ is characterized by ␣ϳ␤ for low strain rates, and ␣ϳ(n)␤ for ␤ӷ1. It is worth noting that the coefficient (n) does not depend on k, but depends on n as a solution of
As shown in Fig. 3 , this coefficient ranges from ϭ1 ͑for n→0) to →ϩϱ ͑for n→1), and is involved in the laws of growth relative to the rim height and dry radius, as shown below.
The strain rates ␣ m (t) and ␤ m (t) at the rim edge ͓i.e., for rϭR d (t)] are simply related to the rim height by balancing the radial stress acting on the rim and the capillary forces. This gives the following equation:
The radial strain-rate ␣ and the orthoradial strain-rate ␤ are related by ␣ϭF(␤) ͓see Eq. ͑9͔͒. In the purely Newtonian case ͓⌽(␥ )ϭ␥ ͔, the function F is linear, ␣ϭ␤. The other curves represent F for the Cross model ͓Eq. ͑4͔͒, taking different values of n for a given value of kϭ10: nϭ1/4, 1/3, 1/2, 2/3 ͑an important case, as precised in Sec. IV B͒; and nϭ3/4. The two limit regimes ␤Ӷ1 and ␤ӷ1, and the corresponding approached expressions for F are also represented. .
͑14͒
These expressions of strain rates at the edge of the rim versus the rim height enable us to find analytical expressions of the growth laws during the initial stages of dewetting for thin films.
The rim height obeys the equation
where Dϵ(‫ץ/ץ‬t)ϩv(‫ץ/ץ‬r) stands for the particular derivative. In Fig. 4 we present our results about the short-time evolution of rim height for different initial thicknesses, with t ranging from 0 to . The solution of Eq. ͑15͒ along with the initial condition h m (tϭ0)ϭh i is
. The adequation between our numerical results and this theoretical prediction is excellent.
The dry radius is given by
and we thus obtain
.
͑18͒
It is physically understandable that R d , at a given time t, is larger for thinner films : for a given applied force ͉S͉ per unit length, the thicker the film, the more the material to be displaced and the lower the dewetting velocity. Equations ͑16͒-͑18͒ allow one to define a crossover time t c ϭ/(n,k,h i ). 
͑19͒
This relationship between the dry radius and the rim height is shown in Fig. 5 for different values of power-law index n. Note that, for nϭ2/3, expression ͑19͒ turns out to be linear: this important property will be discussed in the light of Reiter's experiments in Sec. IV B.
Long-time regime of growth
After the initial stages of hole growth, the driving force of the phenomenon ͉S͉ is distributed over a rim height larger than the characteristic thickness h*. The resulting radial constraint becomes weak, and gives rise to very small values of strain-rates ␣ and ␤. Then, to solve Eq. ͑15͒ in this regime, we have to find the smallest-order correction to the linear behavior of function F, ␣ϭF͑␤͒Ϸ␤ϩ⑀͑␤͒, ␤Ӷ1. ͑20͒
Including this development in Eq. ͑9͒, and neglecting terms involving second-order ͑or higher͒ ⑀, we obtain a nonlinear , during the initial stages of growth, the dry radius is related to the rim height by a simple power law depending on the material rheology ͓Eq. ͑19͔͒. This figure shows the different regimes depending on n: for nϭ2/3, the dependence is simply linear; for nϾ2/3, the radius grows slower than the rim height, while for nϽ2/3, R d grows fastly compared to the rim height increasing.
first-order differential equation for ⑀. Solving it along with the condition ⑀(␤ϭ0)ϭ0 leads to an explicit expression for ⑀(␤). Keeping the smallest order in development of ⑀ for small ␤, we find ͓33͔ ␣Ϸ␤ϩ ͩ n nϩ1
From Eq. ͑15͒, it is then easy to obtain the following expression for h m :
with (n,k,h i )ϵnk(h*/h i ) 1ϩn . We have checked numerically ͑cf. Fig. 6͒ that this power-law behavior is obeyed in the long-time regime of growth.
The corresponding law for dry radius in this regime is
For tӷ(h i /h*) 1ϩn /(nk), this law turns out to be a stretched exponential
From Eq. ͑16͒, it is easy to define a crossover time t e between the initial stages ͑Sec. III A 1͒ and the long-time regime of growth ͑Sec. III A 2͒,
Film profile
An example of profile obtained for h i ϭ0.1h* is shown in Fig. 7 . This profile is characterized by a highly asymmetric shape for the rim. There is a striking similarity between such a profile and those observed by Reiter for ultrathin films ͓17͔. On Fig. 8 we present the time evolution of this profile ͑for t ranging from tϭ0 to tϭ5ϫ10 Ϫ2 , with a time step of 10 Ϫ2 ).
For the sake of conciseness, we focus there on the case corresponding to the range of thicknesses and times covered by Reiter's experiments, i.e., the initial times of growth for thin films ͑cf. Ref. ͓17͔ and Sec. IV͒. For clarity reasons, let us write ⍀(t)ϵ1ϩ(n,k,h i )(t/). In the regime h i Ӷh*, the partial derivative equation ͑5͒ for h (r,t) The resolution of Eq. ͑26͒ can be achieved using a method of characteristics, as explained in Appendix D. The solution is
͑27͒
We checked ͑cf. Appendix D͒ that this expression has a wide range of validity: during all the initial growth, the strain rates remain high (␣ and ␤ӷ1) far away the hole periphery, and thus Eq. ͑27͒ is an acceptable description of the whole film profile.
B. Thick-film regime "h i šh*…
For thick films, as shown in Fig. 6 ͑for instance in the case h i ϭ100h*) two different time regimes can be distinguished: at the beginning of hole formation, h m is nearly constant and equals its initial value h i during a long period of time, before growing faster. Here again, a distinction between different time regimes is necessary.
Initial stages of growth
During the early stage, the strain rates at the rim are constant and small, as a consequence of the constant large thickness. In this case, the rheological law of the film is viscous type and the dry radius increases exponentially, as for the case previously discussed ͓see Eq. ͑11͔͒:
This viscous-type behavior remains valid up to a crossover time t 0 Ϸ(h i /h*) 1ϩn .
Long-time regime of growth
We have checked numerically ͑cf. Fig. 6͒ that the anticipated analytical behavior
is obeyed after the crossover time t 0 .
Similarly, the preceding exponential law for the dry radius connects with the stretched exponential, whose power depends on power-law index n ͓cf. Eq. ͑24͔͒:
ͬ . Figure 9 which presents the time evolution of R d for different initial thicknesses h i with the Cross model, shows that this anticipated behavior is obeyed for tӷt 0 .
We emphasize the fact that the crossover from a simple exponential to the stretched exponential regime is a consequence of the nonlinearity of rheological law 1.
IV. DISCUSSION
A. Debregeas' experiments
Debrégeas et al. ͓12͔ carried out experiments on viscous bursting of freely suspended films of long-chain polymers. The high molecular weights of polydimethylsiloxane used in these experiments lead to high viscosities ( 0 у600 000 cP) bursting processes where viscous dissipation dominates inertia.
The range of thicknesses experimentally studied by Debrégeas et al. ͑5 to 250 m) covers the domain h i ӷh*. As the corresponding crossover time is very large (t 0 ӷ), these experiments mainly covered the first regime tӶt 0 ͑the criterion h i ӷh* is in fact a basic hypothesis of their ''soft balloon'' model ͓34͔͒. In our model, the velocity field v(r,t) is found to be almost proportional to 1/r at any time for thick profiles ͑cf. Fig. 10͒ , similar to the experimentally observed long range radial plug flow ͓12͔. Thus, our model accounts well for the exponential growth and the absence of rim characteristics of the dewetting regime observed by Debrégeas et al. for viscous polymer films.
B. Reiter's experiments
Reiter ͓17͔ studied the dewetting of ultrathin, almost glassy polystyrene films deposited onto silicon wafers coated with a polydimethylsiloxane monolayer. The thicknesses of the PS films used range from h i ϭ10 to h i ϭ60 nm. Compared with the characteristic scale h*Ϸ50 nm, the ratio h i /h* ranges from about 0.2 to unity. The characteristic time for PS under the experimental conditions is very long, up to more than a year for the lowest temperature conditions (T ranges from 103°C to 130°C, to be compared with the bulk glass transition temperature: T g ϭ97.5°C). We can thus expect that the relevant regime for comparing our results with Reiter's experimental findings is the limit h i Ӷh*, and t/ small ͑cf. Sec. III A 1͒.
Three years ago, Dalnoki-Veress et al. made an experimental study of hole formation and growth in freely standing PS films ͓22͔. In agreement with Debregeas' experiments, they observed exponential growth of the hole radius and uniform thickening, but with a deviance from this regime for long-time regimes of growth, a feature they analyzed in terms of shear-thinning properties. They indeed characterized the polymer rheology at the temperature of their experiments (Tϭ115°C), and found that the best fit for the viscosity versus the shear strain-rate ␥ is a power-law dependence,
with a power-law index dϭ0.65Ϯ0.03. For the following, let us suppose that the rheology of ultrathin PS films used by Reiter can be described by the Cross model ͓Eq. ͑4͔͒ with such a power-law index: nϭ2/3. It is of course an hypothesis that would need an experimental validation. In particular, the rheology of PS films at temperatures very close to the glass transition may be quite different. Keeping this point in mind, the following remarks are tentative explanations of some regimes of dewetting experimentally observed by Reiter. If nϭ2/3, Eq. ͑12͒ leads to the exact value ϭ2. Then Eq. ͑19͒ turns out to be simply linear,
This property was indeed observed by Reiter: the maximum height of the rim grows at the same speed as the radius of the hole ͓17͔. The special role played by this value n ϭ2/3 was also pointed out by Shenoy and Sharma in their study of the dewetting of power hardening viscoplastic solid ͓21͔.
We can also focus on the individual dependences of h m and R d versus time. As precised in Sec. III A 1, for tӷt c , the rim height and the hole radius follow a power-law time dependence: h m ϳt 1Ϫn and R d ϳt (1Ϫn)/(Ϫ1) . In particular, for nϭ2/3, we obtain
͑32͒
Very recently, Reiter ͓35͔ characterized the time dependences of R d and h m for very thin films. He obtained several dewetting regimes, and work is in progress to analyze these results. It seems that several experimental factors must be taken into account for this analysis. Among them, the influence of film preparation appears to be decisive: the spin-cast PS film is a highly metastable form of matter ͓5͔. The sample preparation ͑including the time of healing͒ can lead to thin films where residual constraints on the chains persist, and may have an influence on the dewetting process.
Quite interestingly, despite all these remarks, for a 20-nm PS film deposited on a 10-nm PDMS layer around T ϭ120°C, the results of Reiter's experiments seem to indicate that the maximum height of rim and the hole radius obey power laws, The time range on which Reiter calculated these powerlaw indexes is up to about 100 min. As for a 20-nm film, the ratio h i /h* is smaller than unity, the crossover time t c is very short, and we can expect that the power-law regime ͓Eq. ͑32͔͒ is established. Thus we can compare Eqs. ͑32͒ and ͑33͒ and remark that the two experimental coefficients are indeed very close to the predicted one, 1/3. This adequation between our model and Reiter's experimental results appears to be satisfying. But many questions remain open, as the role played by the thin PDMS monolayer on which the PS film dewets is only taken into account by the free slippage condition ͓36͔. In fact, it was shown by several studies that the lower layer is deformed by the moving upper one ͓37͔, which can lead to viscous dissipation and to a marked decrease in the dewetting velocity ͓38͔.
Let us conclude by a tentative idea: observed by tapping mode atomic force microscopy ͑TM-AFM͒ the dry zone on the PDMS substrate after the removal of PS film, Reiter ͓39͔ discovered the formation of straight lines, several microns long, started to appear at hole diameters larger than about 1 m. These lines are PS microfibrils, whose width can be as low as about 2 nm ͑to be compared with the radius of gyration of the polymer in the bulk, of order 50 nm͒. This observation suggests that the radial strain rates are much larger than the orthoradial ones at the hole periphery and involve this elongational deformation of the molecules. This property could be related to the fact that, in our model, the FIG. 10 . Velocity field v(r,t i ) for different initial thicknesses (h i ϭ0.1, 1, 10h*), at a given time t i . All radial distances are normalized by the dry radius at time t i for each thickness. A curve 1/x is represented for comparison. It is clear that the velocity field is almost proportional to 1/r for a thick profile (h i ϭ10h*), similar to the long range radial plug flow observed by Debrégeas. radial strain-rate (␣) is large compared with the orthoradial one (␤) during the initial stages of growth for thin films ͑cf. Fig. 2, regime ␤ӷ1) . In particular, note that this dissymmetry between values of ␣ and ␤ is a direct consequence of the shear-thinning behavior of the polymer: for a purely viscous fluid, ␣ϭ␤ for any thickness.
V. CONCLUSION
In conclusion, our model accounts well for the exponential growth and the absence of rim characteristics of the dewetting regime observed by Debrégeas et al. for viscous polymer films. Taking into account the shear-thinning behavior of the polymers near T g enables us to see the modifications induced by this particular rheology on the film morphology. It appears from our results that the early stages of dewetting for a shear-thinning polymer film are mainly determined by the ratio of its initial thickness h i to a characteristic scale h* ͑related to the driving force of the process, S, and the rheological response of the material, characterized by 0 ).
The film profile exhibits a sharp, asymmetric rim similar to that observed by Reiter in his latest experiments with ultrathin PS films. The rich variety of growth behavior is summarized in Appendix C. In all cases, the long-time evolution of h m is a power law ͑whose coefficient depends on the rheology of the material studied͒, and R d obeys a stretched exponential law. When taking for the power-law index n the value obtained by Dalnoki-Veress et al., in the thin-film limit, our predictions for the dry radius and the rim height time evolutions seem to explain some of Reiter's latest experiments. In particular, the linear dependence of the rim height versus the dry radius experimentally observed is predicted by our model for the power-law index nϭ2/3.
Work is now in progress to incorporate in our model the Laplace pressure ͑see Ref. ͓28͔͒ which might lead to oscillatory dewetting fronts ͓14,18͔, and to evaluate the possible effects of chain entanglements. In future, we aim to study the dewetting of thin polymer films below T g , where the existence of a yield stress in the rheological response of the material may lead to new dewetting morphologies.
The possible consequences of this supplementary friction force on our predictions for dewetting regimes will be studied in a forthcoming publication.
APPENDIX B: RESULTS FOR LOGARITHMIC FORM OF ⌽
For polymers, just above T g , it is expected within the framework of the free-volume model that m varies logarithmically with ␥ as ͓24͔
⌽͑␥ ͒ϭln͑1ϩ␥ ͒. ͑B1͒
At low strain-rates (␥ Ͻ1), this law displays a viscoustype behavior ( m Ϸ 0 ␥ , with a zero-shear viscosity 0 ϭ 0 ), while for large values of ␥ , m reaches an almost constant value ͑shear-thinning behavior͒.
In order to deal with a minimum number of parameters, we assume that
This appendix briefly presents the main results for thin and thick films.
For thick films, at short times, the dry radius and rim height evolve as for a purely viscous fluid ͓cf. Eq. ͑11͔͒:
For thick films, at long times ͓tϾt 0 ϳ(h i /h*) 2 ͔, the rim height grows proportionally to ͱt/,
while the dry radius expands like exp(4ͱt/),
This law is also a stretched exponential, as for the Cross law. This property is due to the fact that the function ␣ ϭF(␤) is analytical ͑in the mathematical sense͒, i.e., admits a series expansion near zero whose first nonlinear term is ␤ 2 . It indeed corresponds the limit behavior obtained by taking the Cross law with n→1.
For thin films, at short times, a sharp rim grows very quickly ͑with an initial speed ḣ m Ϸh i exp h*/2h i ). In this regime, h m (t) is well described by the integral equation For thin films, at long times, as for the Cross law, the hole growth connects with the long-time regime of thick films ͓Eqs. ͑B2͒,͑B3͔͒.
APPENDIX C: SUMMARY OF THE DEWETTING REGIMES FOR A CROSS CONSTITUTIVE EQUATION
Figures 11 and 12 propose a summary of the different dewetting time regimes for a Cross constitutive law, depending on the initial thickness ͑to be compared with h*), and relative to different time ranges ͑to be compared with crossover times t c , t e , and t 0 ). FIG. 11 . Summary of the different time regimes for the dewetting of thin films (h i Ӷh*). Depending on each time range, the exact solutions and corresponding approximated time dependences are precised. We also point out the laws for the special value nϭ2/3 ͑discussed in Sec. IV B͒.
FIG. 12. Summary of the different time regimes for the dewetting of thick films (h i ӷh*). Depending on each time range, the exact solutions and corresponding approximated time dependences are precised.
t*ϭ
1Ϫn Ϫ1
͑n,k͒
͑D7͒
For h i ϭ0.1h*, nϭ2/3, kϭ5, and ⌼ϭ10, Eq. ͑D7͒ shows that the high strain-rates hypothesis remains valid on a wide region as long as tՇ1000. Thus, the Eq. ͑27͒ is a good description of the film profile during all the initial regime of growth.
APPENDIX E: INFLUENCE OF THE INITIAL SHAPE OF FILM PROFILE
The results presented above are obtained taking a discontinuous shape for the initial profile of the film h͑r,tϭ0 ͒ϭ ͭ h i if rуR 0 ϭ1 0 otherwise. ͑E1͒
Does this discontinuity at rϭR 0 play a role in the hole growth? In other words, is it the source of the marked asymmetry observed for the profiles obtained with our model?
To probe this hypothesis, we made the same resolution of our system of equations, starting with a continuous profile This profile is infinitely derivable at rϭR 0 , the parameter gives an order of the characteristic length of transition between the regions hϭ0 and hϭh i . The profiles obtained with this initial condition are shown in Fig. 14 , with ϭ0.1 ͑the shape of the initial profile, represented in dashed lines in Fig. 14 , is very smooth͒. The rim growth seems to be very fast for a thin film ͑the time range of curves in Fig. 14 is 0 to 2.10 Ϫ2 ). Similarly, the increasing asymmetric shape of the profile shows that, even when starting with a smooth profile, the resulting morphology of the rim is the same as in Reiter's experiments. These considerations prove that the discontinuity of the initial profile is not a necessary condition for the appearance, growth, and stiffening of an asymmetric rim as those observed by Reiter.
